ABSTRACT
Introduction
Human interferon-gamma (hIFNγ) is a cytokine playing a key function in the formation and modulation of immune response. It consists of 143 amino acids, 62% of which are organized in six α-helices (A to F). They are composed of 9 to 21 amino acids (aa) and are linked with short unstructured regions. The longest unstructured region (21 aa) is located at the C-terminus. The active form of hIFNγ is a non-covalent homodimer (5) interacting with a hIFNγ specific receptor. The crystal structures of both hIFNγ homodimer and hIFNγ-receptor complex have been resolved long time ago (5, 16) . It has been shown that the hIFNγ dimer interacts with two IFNGR1 receptor molecules. The major domains responsible for IFNγ-receptor binding are located at the N-terminal part of the molecule (16) . Two putative nuclear localization sequences (NLS) are supposed to be responsible for transducing the signal from the cell surface receptor to the nucleus. One of them (the downstream NLS) is located in the unstructured Cterminal part of the molecule at position 124-132 (7, 14) and the other one (the upstream NLS) covers the region 83-89 (partly coinciding with the α-helix E) (17) . In a previous study we have demonstrated that the removal of the entire unstructured 21 aa long C-terminus from the molecule of hIFNγ led to only a 10-fold decrease in its biological activity (11) . It was assumed that the unstructured Cterminal domain of hIFNγ plays modulating but not crucial role in its biological function. Further we investigated the significance of the putative upstream NLS substituting a Gln residue for Lys88 in the polybasic Lys86-Lys87-Lys88 region. The obtained protein demonstrated a 1000-fold lower biological activity in comparison with the wild-type hIFNγ and behaved as its efficient competitor for the cellular receptor (12) . These results demonstrated the functional importance of the polybasic NLS sequence Lys86-Lys87-Lys88 in triggering the signal transduction pathway.
In order to investigate the significance of this sequence for the biological activity of hIFNγ, mutants with preserved structure and intact binding affinity to cell receptor have to be identified. In this study we present some preliminary results on the in silico studies of molecular stability of hIFNγ mutants comprising amino acids 86-88 as a function of the type and site of mutation. The obtained (in silico) results are verified by real laboratory experiments.
Materials and Methods

Computation methodology
Computer simulation was performed in two stages. The first stage included molecular dynamics (MD) simulations of native hIFNγ. The crystallographic structure of hIFNγ in complex with its receptor was downloaded from the RCSB Protein Data Bank (13) with PDB ID 1FG9 (15) used as a reference. The native hIFNγ and its analogs were simulated for 10 ns with integration time step of 2 fs, with CHARMM22 force field (10) in the canonical ensemble. The size of the simulation box was 80 × 80 ×80 Angs with periodic boundary conditions. The solvent was described by the modified TIP3P water model (10) . For maintaining of constant temperature, the Langevine thermostat (6) was used with damping coefficient of 5ps -1 . The SHAKE algorithm (3) was used to impose constraints on all bonds. Van der Waals interactions were truncated at a cutoff distance of 12 Angs with a switching function which starts to smoothly switching them off at a distance of 10 Angs. The Particle Mesh Ewald method (4) was applied for calculation of the electrostatic interactions with a cutoff distance for the direct summation of 12 Angs and grid spacing in the reciprocal space of 0.625 Angs.
The second stage consisted in metadynamics analysis. Metadynamics (8, 9 ) is an advanced technique for computing free energies and accelerating rare events sampling. The method requires a preliminary identification of a set of collective variables (CVs) as a function of the coordinates of the particles. The free energy surface (FES) exploration in CVs space is enhanced by addition of a history-dependent potential, constructed as a sum of Gaussians, centred along the trajectory of the CVs. The external potential fills the local minima where the system is trapped along the trajectory and allows it to explore more efficiently the space, defined by the CVs. The basic assumption of metadynamics is that after sufficiently long time the external time-dependent potential provides an estimate of the free energy as a function of the chosen CVs (8, 9).
Bacterial Strains and Plasmids
E. coli LE 392 cells were used for expression of hIFNγ derivative genes inserted in pBR322 based expression plasmids. The hIFNγ are expressed under the control of a synthetic constitutive promoter (T5P25) and strong synthetic ribosome binding sites.
DNA Manipulations
The hIFNγ gene was mutated by PCR using appropriate synthetic oligonucleotides. The latter were synthesized on a Millipore Cyclon Plus DNA synthesizer (MilliGene, Division of Millipore, Burlington, MA, USA) by the phosphoramidite method and purified by electrophoresis on a polyacrylamide (PAA) urea gel. Their primary structures are as follows:
The forward primer carries a HindIII cloning site (shown in italic) and an ATG codon (shown in bold) followed by a nucleotide sequence identical to that of the hIFNγ gene. The reverse primers carry an AsuII cloning site (shown in italic) and introduce mutations (in bold) designed to substitute: № 1: Val-Leu-Leu codons (GTA-CTT-CTT) and № 2: Asp-Leu-Leu (GAC-CTT-CTT) for the Lys86-88 codons AAA.
The PCR amplification was carried out under the following conditions: a) Five cycles of annealing at 50 0 C for 1 min. The PCR products were digested with HindIII and AsuII and cloned in a pBR322-based expression vector (Fig. 1) . The primary structures of the derivative hIFNγ genes were verified by DNA sequencing on a DNA cycle sequencing machine (Gibco-BRL). 
Clear Cell Lysates Preparation and Mutant hIFNγ Protein Yield Determination
Bacterial cells (6 OD 595 ) from overnight cultures of transformed E. coli LE 392 cells were harvested by centrifugation, resuspended in 1 ml 0.14 M NaCl, 10 mM Tris-HCl, 0.1 mM PMSF and disrupted by sonication. After centrifugation (15 min, 14000g) the supernatants (clear cell lysates) were collected and protein concentration was determined by the Bradford method (2). The lysates were diluted with phosphate-buffered saline (pH 7.2-7.4) to a final protein concentration of 27 µg/ml. Samples of 50 µl were applied on polyvinylchloride 96-well microplates (Costar Ltd., USA) by overnight incubation at 4 0 C and the content of hIFNγ was determined by ELISA with an affinity purified polyclonal antibody (Davids Biotechnologie, Germany). activity was determined by a modified kynurenine bioassay on WISH cells as described earlier (1).
Bioassays
Competition Assay
The affinity of the hIFNγ derivative proteins to the cell receptor was analyzed by measuring their capacity to compete with the wild-type hIFNγ protein.
Appropriate serial dilutions of cell lysates and purified recombinant hIFNγ (99.5% purity and 5x10 7 IU/ml specific antiviral activity) were prepared. The mutant proteins (in cell lysates) were mixed in equimollar amounts with pure wild-type protein and the antiproliferative activity of the obtained mixtures was determined in a standard kynurenine bioassay. The results were compared with that of the purified wild-type hIFNγ.
Results and Discussion
Design of hIFNγ Mutant Derivatives and Metadynamics Simulation Study
Bearing in mind the putative character of the upstream NLS sequence in hIFNγ, we carried out a virtual mutagenesis of the wild type hIFNγ in the area of Lys86-Lys87-Lys88. The latter amino acids were thus substituted with other amino acids having different chemical properties. As already mentioned, in a previous study we showed that the substitution of a neutral hydrophilic amino acid Gln for Lys88 led to decrease but not to complete loss of hIFNγ biological activity. For this reason we chose to introduce hydrophobic amino acids in positions 87 and 88 and polar amino acid in position 86. The mutations were designed to have minimum or no effect on the hIFNγ secondary structure and therefore on its ability at binding to the hIFNγ cell receptor.
To study the effect of randomly chosen amino acid combinations on the structure of α-helix E, the computer simulation was performed in two stagesmolecular dynamics (MD) simulations of native hIFNγ and metadynamics analysis in order to investigate more adequately the effect of mutations on the local structure and stability of the molecule. The reason for following this approach is that the conformational changes are relatively slow processes which hamper their sampling by means of standard MD.
The equilibrated by MD simulations structures of native and mutated hIFNγ were used as input structures for the metadynamics simulations. The three amino acids Lys86-Lys87-Lys88 of the native hIFNγ are part of the α-helix E. Therefore, a reasonable choice of collective variables for investigating conformational changes due to the mutation is provided by the backbone torsion angles phi and psi of the residue 86. The reconstructed free energy surface (FES) in the space, defined by these angles, corresponds to the Ramachandran plot of amino acid 86. Gaussians were added every 10 time steps, the width of the Gaussians was 6 deg for both collective variables and their height was 0.1 kCal/mol.
Stability of the helix comprising residue 86 was assessed by analyzing the reconstructed FESs of the mutants in comparison with the FES of the native protein using two criteria. The first criterion was the height of the barrier ∆G, which separates the alpha-helical and the extended-conformations regions in the free energy landscape, defined by the backbone dihedrals of the 86th residue (Ramachandran plot). The free energy barrier, which separates alpha-helical and extendedconformations regions of the reference profile, is 16.3±0. The selection cut-off values were ∆G>13.0 kCal/mol and S<0.155 kCal/mol. They were accepted for the following reasons: the cutoff value for S should guarantee the selection of only those mutants, which have FES with a well-defined deep minimum in the alpha-helical region of the profile, as the reference FES; ∆G is a measure of the transition probability from an alpha-helical to an extended (in this case − unfolded) conformation state and thus -a measure of the stability of the local alpha-helix. The cut-off value thus chosen, 13.5 kCal/mol, should select only mutants, which are at least as stable as the native protein, with some tolerance of 3 kCal/mol to account for the thermal motion of atoms.
The results of this two-stage study are presented on Table 1 . As seen from these results, the combination of a polar amino acid in position 86 and hydrophobic amino acids in positions 87 and 88 potentially leads to unfolding of the α-helical structure. Therefore, hydrophobic instead of polar aa were introduced in position 86 and certain combinations were studied in detail ( Table 2 ). In agreement with the expectations, two of the investigated amino acid combinations showed a potentially preserved secondary structure.
Construction of hIFNγ Mutant Genes and Investigation of the Biological Properties of the Obtained Mutant hIFNγ Derivative Proteins
For verifying the above computer simulation results two mutated hIFNγ genes were prepared and expressed in E. coli LE392 as described in Materials and Methods. The resulted recombinant proteins bore Val86-Leu87-Leu88 and Asp86-Leu87-Leu88, which should exhibit -according to the simulation results − α-helix and unfolded state respectively. Table 1 In order to avoid artefacts related to the incorrect folding of the purified recombinant proteins, biological activity of the hIFNγ derivatives was measured directly in clear cell lysates, where the insoluble fraction (inclusion bodies) was removed and the soluble (cytosolic fraction) only was investigated. The antiproliferative activity (typical for the hIFNγ) was measured by the "kynurenine bioassay" using WISH cell line. To determine the specific activity of the tested proteins, their content in the clear cell lysates was measured by ELISA using pure recombinant hIFNγ as a standard. As seen in Table  3 , the Val-Leu-Leu substitution of Lys-Lys-Lys resulted in 500-fold decrease in the mutant biological activity, whereas no activity was associated with the Asp-Leu-Leu substitution.
The affinity of the mutant hIFNγ proteins to the hIFNγ receptor was estimated by their ability to compete with the wild-type hIFNγ. These experiments were performed as described in Material and Methods using WISH cells (known to be enriched in hIFNγ receptors). The results presented in Table 3 indicate that the coincubation of the mutant Val-Leu-Leu with the wild-type hIFNγ led to a 30% decrease in its antiproliferative activity. We assume that inhibition higher than 30% could not be achieved because of the residual biological activity of the hIFNγ mutant (see Table  3 ). These data indicate that the mutant Val-Leu-Leu has (at least partly) preserved secondary structure as predicted by the computer simulations and is capable of interacting with the hIFNγ receptor. The observed decrease in biological activity is probably due to inefficient triggering of the intracellular signal transduction pathway. The mutant Asp-LeuLeu demonstrated no biological activity and inability to compete with the wild type hIFNγ for binding to the cell receptor showing that its secondary structure is affected by the introduced mutation. The obtained biological data are in agreement with the in silico predictions thus indicating the adequacy of the applied simulation methodology. This approach would allow us to perform a wide screening for selection of stable hIFNγ mutants with preserved affinity to the cell receptor.
